In this work, we report a flexible hybrid nanoarchitecture that can be utilized as both an energy harvester and a touch sensor on a single platform without any cross-talk problems. Based on the electron transport and piezoelectric properties of a zinc oxide (ZnO) nanostructured thin film, a hybrid cell was designed and the total thickness was below 500 nm on a plastic substrate. Piezoelectric touch signals were demonstrated under independent and simultaneous operations with respect to photo-induced charges. Different levels of piezoelectric output signals from different magnitudes of touching pressures suggest new user-interface functions from our hybrid cell. From a signal controller, the decoupled performance of a hybrid cell as an energy harvester and a touch sensor was confirmed. Our hybrid approach does not require additional assembly processes for such multiplex systems of an energy harvester and a touch sensor since we utilize the coupled material properties of ZnO and output signal processing. Furthermore, the hybrid cell can provide a multi-type energy harvester by both solar and mechanical touching energies.
Introduction
Effective, highly innovative, energy harvesting technologies are essential to address global environmental issues and for high-performance electronic applications [1] [2] [3] [4] . Solar cells are one of the most representative renewable energy harvesters available.
In particular, organic solar cells have attracted considerable attention due to the low-cost, scalable and printable process, as well as their potential applications in flexible electronics [5, 6] . However, solar cells are limited to being used only in areas exposed to light. Recently, piezoelectric power generators that can harvest mechanical energy, such as breath, heartbeat, blood flow, wind, wave, body movement, etc, have been developed on the micro/nanoscale [7] [8] [9] [10] [11] [12] . Although such piezoelectric power generators produce a low level of output power due to the high impedance characteristics of piezoelectric materials, they may have the key advantage of being driven from a variety of mechanical stimuli anytime and anywhere. Accordingly, hybridizing different kinds of renewable energy systems into a single device will complement the weaknesses of each individual system. Furthermore, this will allow novel hybrid energy scavengers to effectively and simultaneously harvest various forms of energy from nature [4, 13, 14] .
Various sensing systems can be designed and developed based on the different physical mechanisms of each energy generator: for example, a solar cell can be used as a photosensor and a piezoelectric power generator can sense force/pressure/vibration [9, 10, [15] [16] [17] . Furthermore, multiplex energy/sensing hybrid systems can be produced 0957-4484/10/405503+06$30.00 by integrating those energy generators. However, a simple assembly of different electronic systems usually leads to a deterioration of the unique functions of each electronic element and an increase in the total volume of the system, as well as high power consumption. For example, add-on types of resistive touch sensors used in cell phones can decrease the brightness and quality of the display and increase the total thickness of the device and power consumption. Therefore, it is important to design and fabricate multifunctional hybrid systems into a single platform without any cross-talk problems.
This work reports a flexible hybrid cell that can be used as both a solar energy harvester and touch-sensitive piezoelectric power generator on a single platform. The basic structure was designed from an inverted organic solar cell with a zinc oxide (ZnO) nanostructured buffer layer (nanorod-packed thin film) on a plastic substrate, where ZnO serves both as the electron transport layer for a solar cell and the active layer for the formation of a piezoelectric potential. Additional assembling processes for multiplex systems are not required because they utilize the coupled material properties of ZnO and output signal processing, thus providing no volume change in the hybrid cell. As a breakthrough concept, we present a novel approach to completely remove the cross-talk problems between a solar energy harvester and a touch-sensitive piezoelectric power generator in a multi-cell device contained in this hybrid cell.
Experiments
Fabrication of a flexible hybrid cell: a 100 nm thick indium tin oxide (ITO)-coated polyethersulfon (PES) substrate was used as a cathode window. A 50 nm thick ZnO thin film layer was first sputtered onto ITO-coated PES substrates by a radiofrequency (RF) magnetron sputter at room temperature. The purity of the ZnO target for sputtering was 99.99%. The base pressure of the chamber was 3 × 10 −6 Torr and the sputtering was carried out in an argon (99.9999% purity) atmosphere of 3 mTorr. Furthermore, the RF power was maintained at 150 W with a deposition rate of 0.6Å s −1 . To produce a natural hybrid cell based on an inverted organic solar cell with the ZnO layer acting as both an electron transport layer for the solar cell and a piezoelectric potential generator, a poly(3-hexylthiophene) (P3HT):(6,6)-phenyl-C 61 -butyric acid methyl ester (PCBM) (1:1 vol% in chlorobenzene) blend was spin-coated to a thickness of approximately 250 nm onto a ZnO thin film at 2000 rpm for 120 s. Thermal annealing at 150
• C for 10 min was then carried out. A few-nanometerthick molybdenum oxide (MoO 3 ) layer, as an electron blocking layer, and a gold (Au) anode with a thickness of approximately 70 nm were then deposited by thermal evaporation [22, 23] . The cell size was 4 × 5 mm 2 . Solar J -V measurements (CompactStat, IVIUM Technologies B V) were carried out using a solar simulator (Peccell Technologies) under an irradiation intensity of air mass (AM) 1.5 global (G) (100 mW cm −2 ). A nanovoltmeter and a picoammeter (models 2182 and 6485, respectively, Keithley Instrument) were used to detect the output signals generated from the hybrid cell. Design of signal controller: the electrical circuit of the signal controller was comprised of four parts: a power circuit, amplifying circuit, detecting element and display element (see supplementary data, figure S4 available at stacks.iop.org/Nano/21/405503/mmedia). Since the piezoelectric touch signals appear instantly, a time-delaying element, which can maintain the switched-on-touch lightemitting diodes (LEDs) for approximately 0.5 s, was used to take an image of the touch LEDs when the hybrid cell was touched. The display element was designed to show two Intensity (a.u) 
Results and discussion
Figure 1 shows our hybrid cell array which is designed from an inverted organic solar cell array with a ZnO buffer layer on a flexible substrate. A unit cell exhibits the detailed configuration for each layer in a hybrid cell. When the hybrid cell was under light illumination ((i), (ii) and (iv) in figure 1(b) ), solar power generates a positive direct current (DC) signal ((i), (ii) and (iv) in figure 1(c) ). When the hybrid cell is touched, the hybrid cell below the finger is in the dark ((iii) in figure 1(b) ). Therefore, the solar cell function turns off and the piezoelectric power generator turns on, generating a piezoelectric alternative current (AC) signal ((iii) in figure 1(c) ). A negative pulse from the hybrid cell is created due to the piezoelectric field generated in the ZnO nanostructured layer only when the cell is touched (see figure 1(c) ). Therefore, the output signals can be separated: the positive pulse (red region in figure 1(c) ) is recognized as a solar/piezoelectric energy harvester and the negative pulse (blue region in figure 1(c) ) is used as a touch sensor. This approach can provide a perfectly decoupled design of a hybrid cell array that does not create any hindrance between the energy harvester and touch sensor. Furthermore, based on the energy harvesting mechanism of this hybrid cell, the device can generate electricity by solar and mechanical energy, thereby providing electrical energy when at least one of them is working. Figure 2 (a) shows a cross-sectional field-emission scanning electron microscopy (FE-SEM) image of the hybrid cell. An ITO-coated flexible PES substrate was applied as a flexible transparent cathode window. A ZnO thin film with 50 nm thickness by sputtering was introduced as an electron transport layer for a solar cell and a piezoelectric potential generator. A P3HT:PCBM polymer matrix was spin-coated to a thickness of approximately 250 nm onto a ZnO thin film for creating the photoactive layer. MoO 3 and Au were used as the electron blocking layer and anode, respectively. The ZnO (002) diffraction peak in the x-ray diffraction (XRD) profile for the nanostructured ZnO thin film is predominant, as shown in figure 2(b) . The inset shows an atomic force microscopy (AFM) image of the ZnO thin film. These XRD and AFM results indicate that the ZnO thin film is composed of closepacked ZnO nanorods with a preferred c-axis growth direction.
The electrical properties of a flexible hybrid cell show p-n junction diode characteristics ( figure 2(c) ). The inset in figure 2(c) shows the current density-voltage (J -V ) curve of the flexible hybrid cell as a solar cell under standard AM 1.5 G illumination conditions using a solar simulator. Based on the general energy band diagram (see supplementary data, figure S1 , available at stacks.iop.org/Nano/21/405503/ mmedia), the cell is connected to the J -V measurement instrument and photovoltaic data were measured. The open circuit voltage (V oc ) was averaged to 0.546 V and the mean short-circuit current (J sc ) and fill factor FF were 8.65 mA cm −2 and 22%, respectively, resulting in a power conversion efficiency (PCE) of 1.04%. Since our flexible hybrid cell is designed on a flexible polymer substrate, we did not perform a high temperature annealing process (usually up to 300
• C) which can provide the optimized internal bicontinuous nanomorphology of the P3HT:PCBM blend [18] . Although the optimization of solar cell performance is outside the scope of this work, it is noteworthy that the internal nanomorphology could be improved by non-thermal annealing processes such as solvent annealing, surface energy engineering or new material development for further enhancing PCE [6, 19] .
A flexible hybrid cell generates piezoelectric voltage/current independently in the dark. A nanovoltmeter and a picoammeter were used to detect the output signals generated from the hybrid cell. Different piezoelectric output signals were observed depending on the magnitude of the pressure by touch ( figure 3) . A weak touch (<0.4 kgf) generated voltages <20 mV, whereas a strong touch (>0.4 kgf and <1 kgf) generated values >20 mV. Under direct compression of a ZnO thin film by touch (i.e. pressure), charges are generated via electric polarization within ZnO along the thickness direction. With the force applied to the ZnO thin film, the centers of mass for the positive and negative ions are shifted, resulting in a net dipole moment (polarization) along the thickness direction (c axis of ZnO). The potential generated by the piezoelectric material in this case is given by the standard formula, V = Fg 33 t/A = Ptg 33 , where F is the force applied by touch, g 33 is the piezoelectric voltage coefficient, t is the thin film thickness, A is the contact area touched by a finger and P is the touch pressure. The electric charge was estimated by Q = CV , where Q is the electric charge and C is the capacitance, which is given by C = ε A/t, where ε is the permittivity. Consequently, Q = ε AV /t = εg 33 F = εg 33 A P. These equations show that the electric charge and voltage generated by touch is proportional to the magnitude of the touching force (i.e. pressure) [10, 20] .
The pressure dependence of a piezoelectric output signal can provide a new user-interface (UI) concept for a touch sensor. If the user sets up different functions in the hybrid device according to each level of touch, the device can respond differently, depending on the pressure. However, additional systematic and detailed experiments examining each level of pressure (i.e. strain levels) as well as the touch speed (i.e. strain rate) will be needed to clearly define the level of touch in the UI. Depending on the level of touch, the piezoelectric voltage from a hybrid cell can range from tens of mV with a current density of hundreds of nA cm −2 (see supplementary data, figure S2 available at stacks.iop.org/Nano/21/405503/ mmedia), resulting in approximately ∼0.1 W cm −2 in this study. Although the output power level from the piezoelectric field is low at this stage, it is expected that a hybrid cell can be used as a complementary power source even without light illumination.
It was confirmed that the piezoelectric signals are generated from the devices rather than the electrical measurement instruments based on 'switching-polarity' tests [9, 21] (see figure 3 ). The forward connection for the generation of a piezoelectric signal is defined as a case where the positive peak in the AC piezoelectric signals is first generated. Inverted pulses were observed when the device was connected to the instrument in reverse, demonstrating that the generating signals originated from the device, not from the instrument as noise.
The flexible hybrid cell was operated under normal room light illumination (∼1 mW cm −2 ). As shown in figure 4(a) , an output voltage of approximately 0.2 V under room lighting was obtained from the flexible hybrid cell as a solar cell unit. Figure 4(b)(i) shows the general mechanism for the flow of photo-induced charges. An instant negative pulse was observed when the hybrid cell was touched. From the enlarged graph on the right of figure 4(a) , the behavior of a pulse generated by touch can be explained by the following. In the course of touching a hybrid cell under light, the unit cell becomes dark due to the finger touch ( figure 4(b)(ii) ) and the photo-induced charges disappear instantly, leading to a zero output signal ( figure 4(a)(ii) ). As soon as the hybrid cell is touched, a positive piezoelectric pulse is generated from the ZnO thin film due to a change in polarity caused by pressure (figures 4(a)(iii) and (b)(iii)). With the finger detached from the hybrid cell, a negative piezoelectric pulse (i.e. a minus value) is generated to screen the piezoelectric potential (figures 4(a)(iv) and (b)(iv)). After completely removing the finger from the hybrid device, the photo-induced charges are again generated ( figure 4(a)(i) ). Different negative output signals were also observed depending on the magnitude of pressure by touch ( figure 4(a) ), showing a strong potential of the application toward a new UI touch sensor, even under light illumination.
Since negative values are generated only when the cell is touched, the detection of a negative value can be defined as a touch signal. Therefore, an energy harvester and touch sensor can be decoupled by separating the positive and negative output signals from the hybrid cell array through signal processing in an electrical circuit. Similar behavior was observed in the output current density generated from the flexible hybrid cell (see supplementary data, figure S3 , available at stacks.iop.org/ Nano/21/405503/mmedia).
A signal controller (see supplementary data, figure S4 available at stacks.iop.org/Nano/21/405503/mmedia) was developed as a proof of concept for the flexible hybrid cell. In this system, the positive output signals were used to recognize the energy harvesting unit and the negative values were recognized as a piezoelectric touch sensor. The controller detected two hybrid cells (1 and 2) simultaneously, which consisted of two LEDs for touching and harvesting in each cell (see supplementary data, figure S5 available at stacks.iop.org/ Nano/21/405503/mmedia). The harvesting LED was driven by positive signals from a hybrid cell, presenting as green light when the hybrid cell harvests environmental energy. The touch LED turns on when the controller detects a negative output signal. The touch LED exhibited green light for a weak touch and red light for a strong touch. figure 5(a) ). Figure 5 (b) shows a dark condition by the finger before touching the #2 hybrid cell, thus presenting no light from the LEDs due to the lack of an output signal from the #2 cell (see the inset in figure 5(b) for details of the dark condition by a finger). When the #2 hybrid cell is touched, the instant negative signal turns on the touching LEDs (green for a weak touch and red for a strong touch), as shown in figures 5(c) and (d) (the other conditions can be found in figure S6 available at stacks.iop.org/Nano/21/405503/ mmedia). When hybrid cells are touched, the piezoelectric field from ZnO generates positive and negative AC signals. Therefore, a harvester LED should also turn on during touch. However, since the piezoelectric signals are generated within a millisecond (ms), it is difficult to detect them with the naked eye or a digital camera when the harvester LED turns on. To confirm that the touch LED turns on by pressure, a time-delaying element was used in the electrical circuit of the signal controller, which can maintain the on state of the touch LED for approximately 0.5 s to allow an image of the touch LEDs to be taken. While touching the #2 hybrid cell, the #1 hybrid cell harvests solar energy continuously, as shown by the harvesting LED of the #1 cell in figures 5(a)-(d), thereby demonstrating that each cell can be used as an energy harvester and piezoelectric touch sensor.
Conclusion
In conclusion, a touch-sensitive flexible hybrid energy harvester in a single platform was demonstrated using a natural hybrid cell based on the coupled material properties of ZnO. Clear decoupling of the energy harvester and touch sensor from the hybrid cell array could be realized by separating the positive and negative output signals generated from the hybrid cell. The piezoelectric touch sensor in the hybrid cell can provide a novel UI sensing platform, in which a user can assign a range of functions according to the touching force. It is believed that this hybrid cell will lead to a promising energy scavenger based on multiple energy harvesting mechanisms, in which the solar cell is used as the main power and the piezoelectric power produced by touch is utilized as a complementary source.
